Abstract Earthquake systems are commonly described using rate and state dependent fault models; however, the connection between rate and state friction parameters and specific microprocesses remains a challenge. We present new laboratory observations using modern ultrasonic techniques to reveal dynamic processes operating during frictional sliding. Granular layers were sheared under constant normal stress for a range of loading rates. During experiments, we monitored high-frequency acoustic emissions (AE) generated by grain fracture and friction using an array of piezoelectric transducers surrounding the layers. Complete waveforms and event information were collected for thousands of microearthquakes. Perturbations in imposed load point velocity (V) produced a friction response consistent with previous work. For a given V, AE per sec decreased with accumulated slip, suggesting sensitivity to gouge layer evolution.
Introduction
Earthquake systems are commonly described using rate and state dependent fault models (e.g., Dieterich, 1978 Dieterich, , 1979 Dieterich et al., 1981; Marone, 1998; Scholz, 1998; Paterson and Wong, 2005) . The parameters in these laws describe the microphysics of slip; however, a detailed understanding of the connection between friction parameters and specific microprocesses remains a challenge. We present new laboratory observations using state of the art ultrasonic techniques to gain insights into the dynamic processes operating during frictional sliding of granular materials. Understanding the behavior of sheared granular materials is important because mature fault zones exhibit significant accumulations of fault gouge and active faults, for example, San Andreas fault, are hosted at least at some depths in sedimentary or weakly consolidated rocks.
Acoustic emissions (AE) are high-frequency (kHzMHz) elastic waves generated by the rapid release of energy associated with brittle fracture and sliding on a grain scale. They carry information regarding the location, intensity, and deformation mechanism of events occurring in a material under stress. AE resemble seismic waves generated by earthquakes but have lower amplitude and smaller source dimensions (∼mm). AE monitoring is a powerful tool in rock deformation because it gives real-time information on dynamic microprocesses associated with a specific macroscopic behavior. Importantly, it is a noninvasive method, hence it does not alter the process itself. AE has been successfully used in rock mechanics laboratory experiments to provide important insights into deformation processes operating during deformation of intact rock (e.g., Lockner, 1993) and sliding along precut "fault" surfaces (e.g., Weeks et al., 1978; Sammonds and Ohnaka, 1998, Yabe et al., 2003) . Recent measurements of AE on precut surfaces (Yabe, 2002 , Yabe et al., 2003 have revealed that AE activity shows a dependence on the imposed slip rate and a sensitivity to the accumulated slip.
In this article we present new observations of AE produced during shear deformation of granular layers. Our goal is to better understand the behavior of faults with a gouge. We show that AE activity is sensitive to accumulated slip and imposed slip rate, and we infer from our observations that the frictional contact area is inversely dependent on sliding velocity.
Experimental Method Friction Experiments
Granular layers were sheared between rough forcing blocks in a servo controlled direct shear friction apparatus (Fig. 1 ). This geometry (Dieterich, 1978; Marone, 1998) and indeed this particular apparatus setup have been used extensively to investigate friction (e.g., Karner and Marone, 1998; Mair and Marone, 1999) . Constant normal stress was applied and maintained on the side blocks; then the central block was driven at a specified load point velocity to initiate shear within the granular layers. Shear and normal stresses and displacements were continuously monitored during the tests. The resulting shear stress divided by normal stress yields the coefficient of sliding friction. Dilation and compaction of the layers indicates reorganization of particles associated with shear. Additional experimental details are given by Karner and Marone (1998) and by Mair and Marone (1999) .
Direct shear experiments were conducted at a range of normal stresses (σ n 5-50 MPa) and load point velocities (V 2-200 μm=sec) under conditions of room temperature and humidity. These normal stress conditions correspond to regimes where previous work has indicated pervasive (50 MPa) or minimal (5 MPa) comminution and grain size reduction during initial stages of shearing (Mair and Marone, 2000) . With accumulated slip, grain comminution rate is significantly reduced (e.g., Sammis and Biegel, 1989) , and grain dynamics in both "fracture" and "nonfracture" regimes are more strongly dominated by grain rolling (and perhaps grain boundary sliding). During our experiments, step change perturbations in load point velocity were imposed periodically, and the resulting variations in friction and acoustic activity were monitored. These velocity stepping experiments were carried out to investigate links between the rate dependence of friction and the associated acoustic activity produced by sheared granular materials. Experimental details are presented in Table 1 . forcing blocks, gray areas; gouge layers and sensors are numbered, light areas. Note some experiments had a reduced sensor array (see Table 1 Two different granular materials were used to simulate fault gouge: (1) Ottawa sand, a pure > 99% angular quartz sand obtained from the U.S. Silica Company, Ottawa, Illinois, and (2) precision soda lime glass spheres acquired from Mo-Sci Corporation, Rolla, Missouri. The initial particle size distribution and mean grain size of the two materials were comparable as were the compressive strengths (see Table 1 for experiment details). These particular materials were chosen to allow direct comparison to a substantial database of existing laboratory observations (e.g., Karner and Marone, 2001; Frye and Marone, 2002; Mair et al., 2002; Anthony and Marone, 2005) .
Ultrasonic Monitoring
Acoustic waves generated during shear of granular layers were monitored by an array of piezoelectric transducers mounted on the steel (or granite) sample forcing blocks. Sensors were held in position using spring loaded sensor holders, and silicon grease was used as a couplant. The Panametrics V103 transducers used are compressional (P wave) and single component with a dominant frequency of ∼1 MHz and a diameter of 12 mm. A full array consisted of 16 receivers and one transmitter distributed around the sheared layers (Fig. 1) . Sensor positions were known to ∼1 mm accuracy and are reproducible on subsequent tests by using custom designed sensor holders. Signals were amplified near the source using 40 dB preamplifiers (PAC 1220A); then whole waveforms were conditioned and recorded using a multichannel ultrasonic acquisition system (ESG Hyperion Giga RAM recorder) capable of acquiring continuous and triggered signals on 16 channels at 10 MHz and 16 bits of digital resolution (see Thompson et al. [2006] for details). This setup was also be used to monitor the ultrasonic velocity of the gouge during shear in a related study.
Triggered datasets are recorded when a waveform exceeds a predefined threshold level at a given sensor or set of sensors. Using a pretrigger ring buffer, the smaller amplitude first break of a waveform can be captured. Hence locations of events can be determined by comparing arrival times at an array of receivers. Triggered data are written to a hard drive immediately, and during this time no additional events can be acquired. Although this "dead time" is extremely short, it may result in an incomplete dataset at certain stages of loading when the AE rate is high. This limitation has recently been resolved with the advent of continuous AE monitoring, in which acquired waveform information is continuously streamed to RAM for temporary storage (Thompson et al., 2006) . Using this approach, acoustic datasets have no dead time. After an experiment is complete, data are stored for subsequent processing. Both triggered and continuous datasets have been used to obtain the results presented in this article.
While acquiring waveform data, information on acoustic activity was extracted by automatically counting the number of triggered events recorded at each transducer in a given time interval. These data, from now on presented as AE per sec, form the basis of this manuscript. Importantly, however, we confirm our general results using an AE waveform record generated from continuous recording (see the Appendix). This allows us to test the following assumptions: (1) the majority of events recorded automatically are indeed bursttype "real" AE waveforms and not spurious noise, and (2) our main results are not artifacts of recording system saturation.
Results
Friction Rate Dependence A typical friction versus displacement curve for granular material is shown in Figure 2 . The plot highlights three initial "run-in" load cycles conducted at 40 MPa normal stress (these cycles are used to generate a consistent starting state in the gouge layer for different experiments). Normal stress is reduced to 25 MPa for the main stage of the experiment, which shows increasing friction to a peak value and then steady state sliding occurs at a value of μ ∼ 0:6. Perturbations about the steady state friction are due to imposed changes in the load point velocity (or imposed hold periods). The inset in Figure 2 shows a close-up of the friction response to step changes in loading velocity, highlighting the characteristic direct effect (instantaneous resistance to the change) and e volution effect (decay back to a new steady state over a critical slip distance) commonly observed (e.g., Dieterich et al., 1981) . Comparable tests were carried out for two simulated fault gouges: angular quartz sand and spherical glass beads (Table 1) .
Acoustic Emissions
An AE whole waveform, typical of those recorded during shearing experiments, is presented in Figure 3 . AE signals have a characteristic burst-type envelope with an obvious break of slope pinpointing the arrival at a given transducer. They require a short rise time to reach peak amplitude after which amplitude decays exponentially with time. Because we used compressional P-wave transducers, the Swave arrival is generally suppressed. Figure 4 illustrates the response of friction and number of AE per sec to imposed step changes in loading velocity for two experiments (at different normal stresses). Friction exhibits the characteristic direct and evolution response to a step change in loading velocity consistent with previous observations (e.g., Mair and Marone, 1999) . In all cases, an increase in loading velocity promotes an immediate and sustained increase in AE per sec. A decrease in velocity has the converse effect. For a given shear displacement range, changes in AE rate associated with velocity steps appear to be reversible (Fig. 4) , indicating that the AE rate is not dominated by the preceding velocity condition.
Rate Dependence of AE
The mean number of AE per sec are plotted against shear displacement for two different experiments in Figure 5a and b. These data are calculated from AE per sec (similar to the data presented in Fig. 4 ) for each individual velocity segment. The positive influence of loading rate on AE activity described previously is clear. For a given shear displacement, AE activity for V 30 μm=sec plots higher than V 20 μm=sec data, which in turn plot higher than V 10 μm=sec (Fig. 5a ). For a given velocity, the AE event rate decreased systematically but nonlinearly with accumulated slip; hence, a nonlinear displacement effect is apparent. This effect is initially strong but much reduced after ∼9 mm shear displacement. This is consistent with observations of rapid comminution and significant layer thinning during initial shear (Mair et al., 2002) that is shown to be enhanced at higher normal stress. For this reason, data subsequently presented in this article are for > 9 mm shear displacement, where this displacement effect (and layer thinning) is minimal and we can better investigate the rate dependence.
The influence of shearing velocity on AE rate is further explored in Figure 6 . Mean AE per sec exhibits a positive systematic dependence on the logarithm of sliding velocity. This positive dependence on velocity is not entirely surprising because more slip is covered per unit time when shearing at higher velocities. To account for this, we normalize our data by load point velocity for each individual velocity segment. This effectively normalizes the data by slip, and we plot mean AE per μm slip in Figure 6b . If the process responsible for AE is rate independent, we would expect AE per unit slip to be constant for all sliding velocities. This is clearly not the case as the normalized AE rate (Fig. 6b) exhibits a systematic decrease with increasing log velocity, indicating a deficit of acoustic activity per unit slip at larger V.
Acoustic activity data from several experiments on angular quartz and spherical beads are summarized in Figure 7 . These data confirm the general trends presented in Figure 6 , indicating increased AE rate with increasing velocity and a decreasing AE per unit slip with the log of inverse V. Similar first-order trends are observed for both angular and spherical gouge material; however, some differences in response of the two materials are apparent. A gouge consisting of spherical grains shows a systematically larger number of AE per sec and a steeper decrease of AE per μm with increasing V than an angular gouge. There is no first-order influence of applied normal stress on AE per sec or AE per μm, but a systematic investigation of this has not been carried out. 
Discussion
Our investigation builds on recent work in which AE were measured for sliding on bare rock surfaces (Kato et al., 1994; Yabe, 2002; Yabe et al., 2003) . To our knowledge there are no comparable studies on AE of a sheared simulated fault gouge, although gouge material was generated during the bare surface sliding experiments of Yabe and coworkers.
We show that for a given slip rate, mean AE activity evolves with accumulated slip, suggesting a sensitivity to gouge layer evolution. This is most likely related to comminution (i.e., grain size reduction associated with crushing and grinding) or possibly geometric layer thinning effects. Our observations show that the largest changes in AE activity occur at small amounts of slip. During initial shearing grain fracture would be expected to be intense (Sammis and Biegel, 1989; Marone and Scholz, 1989) . We therefore infer that AE in the initial stages of the test are dominated by the fracture of intact grains with lesser contribution from frictional sliding. For the displacements > 9 mm, we believe comminution rate is significantly reduced as slip becomes localized on internal shear bands (e.g., Mair and Marone, 2000) , and therefore the dominant processes operating in the gouge layers are grain sliding (and grain rolling). We suggest then that AE generated after ∼9 mm slip (shear strain of ∼2) are mainly due to contact junction rupture during frictional sliding along grain contacts. If this is the case, then it is reasonable to infer that the amount of AE activity (AE per unit slip) will be proportional to the real area of frictional contact between particles in motion (i.e., total area of contact junctions that are rupturing). We observe reduced AE activity (AE per unit slip) at increased slip rates, consistent with results of Yabe et al. (2003) for bare surfaces, suggesting, given our assumptions, that the frictional contact area is reduced at increased loading velocity. We find the same result for both types of gouge particles although they differ in the rates of decrease of AE. A sketch of this is presented in Figure 8 . By corollary, this suggests that contact junction growth is time dependent, and the observation that AE rate varies with log sliding velocity suggests a log time dependence consistent with previous work (Dieterich, 1978) .
We now consider the details of the contact area population evolution and possible insights we can gain from AE observations. Dieterich and Kilgore (1994) showed that the contact area could increase with time by either the growth of existing contacts or the addition of new ones. By corollary, it is reasonable that the converse statement also holds, that is, that the contact area may decrease by the shrinkage of existing contacts or the destruction of old contacts.
Previous AE studies on bare surface shearing experiments by Yabe et al. (2003) and Kato et al. (1994) terpreted the average source radius of AE events to be on the order 10 and 1.7 mm, respectively. From direct observations of transparent materials (Dieterich and Kilgore, 1994) and the theory of contact between elastic rough surfaces (Yoshioka and Iwasa, 1996) , it is suggested that spot size of asperity contacts depends on surface roughness and normal stress. On applying these results to their experiments, Yabe et al. (2003) estimate spot size of asperity contacts to be 10-100 μm. Because this asperity contact size is much smaller than the source size of AE events, they conclude that a single AE event cannot be due to the rupture of a single asperity and is instead caused by coherent rupture of many asperities (Kato et al., 1994; Yabe et al., 2003) . From our current experiments on sheared gouges, it is not possible to directly determine the source size of each individual AE event. However, because our main AE results of reduced AE activity (i.e., AE per unit slip) at increased slip rates are consistent with those of bare surface experiments (Yabe et al., 2003) , it is plausible that a similar scenario unfolds and that single AE events generated in sheared granular materials require the coherent rupture of many grain contacts. Coherent rupture of asperity contacts along a fault surface, or part of a surface, is relatively easy to visualize, thanks to the efforts of Dieterich and Kilgore (1994) and of Yabe et al. (2003) . When considering the geometric relations in sheared granular materials, however, it is not sufficient to consider deformation processes (in this case, slip or rupture of contact junctions) operating on a single surface along which slip is localized. One must consider the thousands of grain contacts and many degrees of freedom in a granular system that lead to a complicated contact population evolution. It has been proposed that a system of grain bridges or force chains preferentially carry load across sheared granular materials (Sammis et al., 1987; Sammis and Steacy, 1994; Cates et al., 1998) . These grain bridges or force chains are transient features expressed by grains carrying higher than average contact forces. They persist only while they are favorably oriented. On breakdown, they will rapidly reform in optimal orientations producing a new (or adapted) population of high-force grain contacts. Recent work from laboratory experiments (Mair et al., 2002; Anthony and Marone, 2005) and 3D numerical modeling (Mair and Hazzard, 2007) suggests that the 3D spatial distribution of force chains and the manner in which they distribute load is highly sensitive to grain characteristics such as grain shape and grain size distribution. It is also envisaged (Mair et al., 2002; Mair and Hazzard, 2007) that the breakdown of networks of force chains will be sensitive to their 3D distribution and may be linked to second-order fluctuations in macroscopic stress.
We suggest that system spanning force chains exist (e.g., Cates et al., 1998; Mueth et al., 1998; Howell et al., 1999; Behringer, 2005) and are indeed the dominant load carrying network in our sheared gouge experiments. We propose that the breakdown of these force chains involves coherent slip on many grain contacts that together give rise to the individual AE events we monitor. The rate dependence of AE we observe can be interpreted by log time dependent growth of the grain contacts involved with individual force chains. These grain contacts will preferentially grow (with respect to other grain contacts not associated with the strong force chain network) due to the higher normal loads acting there. At low slip rates, individual grain contacts have time to grow (effectively heal) and therefore would be expected to have larger contact area leading to more AE activity during contact junction rupture. At higher slip rates, grain contacts are less mature, have little time to develop, and therefore have smaller contact areas and rupture to produce less AE activity. Differences in AE activity observed for spherical and angular gouges (Fig. 7) can be explained by considering the distinct style of 3D force chain networks expected to exist in the different granular materials. Mair et al. (2002) proposed that sheared spherical material (of relatively similar grain size distributions) would have discrete linear force chains producing high local normal stresses at grain contacts. In contrast, granular material composed of angular grains would be expected to have more diffuse force chain distributions with lower stresses at the individual contacts. Higher normal stresses could lead to larger contact junction areas, as shown by Dieterich and Kilgore (1994) ; hence, it is perceivable that spherical particles would have larger contact junction area and hence enhanced AE relative to angular gouge.
We have chosen to discuss our results in terms of force chains; however, it should be noted that gouge layer dilation may play a role in reducing the real area of contact junctions at high loading rates. The underlying mechanical mechanism for contact junction growth is generally perceived as thermally activated creep at asperity contacts where stresses are significantly enhanced. From our data we can offer no reasonable alternative.
Discerning the exact frictional contact area population and its evolution from AE activity in our current experiments is not feasible. Future work in this area would be valuable for testing ideas related to source size of individual AE events, frequency content of AE, and AE source locations. A systematic analysis of friction parameters such as D c (critical slip distance) and gouge layer dilatancy for tests in which AE was monitored would be particularly useful, as would a systematic investigation of normal stress effects. A better understanding of 3D force chain geometries and force chain persistence as a function of slip and slip rate in sheared gouges is also required and may be attainable using new 3D fault gouge models (e.g., Abe and Mair, 2005) .
Conclusions
We present new observations of acoustic emission activity produced during shearing of a simulated fault gouge. Our results indicate that the rate of acoustic activity (AE per μm of slip) is sensitive to accumulated slip and shows a systematic dependence on loading velocity. Our results qualitatively agree with previous experiments carried out on bare rock surfaces and support ideas that the frictional contact junction area is reduced at increased sliding velocity. We suggest that the evolution of force chain networks permits the coherent rupture of many grain contacts that leads to individual acoustic events and that distinct 3D force chain geometries account for subtle differences in the response of angular and spherical granular materials. Our results highlight a new way to image micromechanical processes operating in fault zones. The results are relevant to frictional mechanics and have application to earthquake physics and pave the way for further in-depth studies on acoustic imaging of sliding fault zones.
type signals (where the onset of the event and a short rise time to peak amplitude could be clearly identified) versus those interpreted as being due to coda ringing (from previous large events) or other spurious noise. Over 75% of events showed burst-type signals (similar to Fig. 3 ), indicating that at least 75% are associated with real acoustic events. This confirms that the triggered waveform data are dominated by real acoustic events and not spurious noise. 2. From the triggered dataset we also summed the number of AE hits per sec to generate an independent record of the number of AE activity. Unlike the auto-AE per sec counter, this AE per sec data has no saturation limit per se (because records are continuous) and will miss events only if more that one event occurs during the time for a single waveform trace (0.4 msec). AE per sec data generated by this method agree well with the trends shown in the relevant autohit data, that is, mean AE per sec increases with increasing V and mean AE per μm decreases with increasing V (Table A1 ). The actual number of AE per sec differs between synthetic and real datasets because the threshold levels and the time window (effectively the event duration) are different in the autotriggered and processed continuous Giga data. 
